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Introduction
Conventional therapies, including surgery, chemotherapy, hormonal therapy, targeted agents and radiation, have significantly reduced the mortality associated with primary breast cancer. However, distant relapse and metastasis following conventional therapy remain the main cause of mortality in breast cancer patients. Therefore, biological therapies have been pursued as a means to induce anti-tumor immune responses that can eliminate residual tumor cells to prevent relapse and metastasis. It was initially thought that tumors evade immune recognition, and that breaking immunological tolerance could result in immune-mediated tumor rejection [1] . However, we have learned that cancer patients generate pre-existing immune responses specific for tumor antigens [2] [3] [4] which, nevertheless, fail to protect them. The failure of endogenous anti-tumor immune responses results, in part, from the increased activity of myeloid-derived suppressor cells (MDSC) [5] . The impairment of cancer immunotherapy resulting from MDSC suppression is well established [6, 7] . MDSCs consist of immature cells of myeloid origin which exert suppression of T cells by modulation of the local T cell extracellular environment, as well as via direct cell contact [8, 9] . Many attempts have been made to develop combinatorial therapies by depleting suppressor cells or blocking suppressor pathways while simultaneously actively inducing anti-tumor immune responses in vivo, or adoptively transferring tumorspecific T cells [10, 11] . In fact, the very limited success of immunotherapy of solid tumors to date has been achieved only against melanoma using adoptive T cell therapy or blockade of immune checkpoints [12] [13] [14] [15] , and against prostate cancer using a vaccine which improves patient survival but has no apparent inhibitory effect on disease progression [16] . We have recently developed an antigenfree protocol which utilizes the pharmacological agents bryostatin 1 and ionomycin (B/I), as well as common gamma chain (c-c) cytokines IL-2, IL-7, and IL-15, to reprogram tumor-reactive lymphocytes of the innate (NKT and NK cells) and adaptive (CD4? and CD8? T cells) immune systems. Bryostatin 1 is a macrocyclic lactone derived from Bulgula neritina, a marine invertebrate. In culture, bryostatin 1 activates protein kinase C, while ionomycin increases intracellular calcium [17] [18] [19] . When combined, these pharmacological agents mimic signaling through the CD3/T cell receptor (TcR) complex and promote activation and proliferation of antigen-sensitized T cells [17, 18, 20, 21] . IL-2, IL-7, and IL-15 have been widely reported to support homeostatic T cell proliferation as well as enhancement of NK cell function and terminal NKT cell maturation [22] [23] [24] [25] . IL-2 increases the size of the CD8? memory pool if present at the time of initial T cell activation [26] . IL-2 has also been shown to elicit the production of both pro-and anti-inflammatory cytokines from NKT cells [27] . A recent study reports that human NKT cells are hyper-responsive in vitro to IL-7, leading to induced proliferation and increased frequency of cells expressing the terminal differentiation marker, CD161 [28] . IL-15 induces strong and selective expansion of memory-phenotype CD8? cells and NK cells [29] . IL-15 has also been linked to delivering crucial signals in promoting NKT cell survival, developmental progression, and terminal differentiation associated with acquisition of effector functions [25] .
We have reported that such reprogrammed cells render T cells resistant to MDSC-mediated suppression in the FVBN202 transgenic mouse model of breast carcinoma [30, 31] . Furthermore, we have shown that adoptive cellular therapy (ACT) utilizing these reprogrammed immune cells protected the animals from tumor challenge, and generated long-lasting memory responses resulting in relapse-free survival [30] . Such an effective anti-tumor response exerted by the reprogrammed immune cells was dependent on the presence of activated NKT and/or NK cells, which rescued tumor-reactive T cells from MDSC suppression [30] .
Here, we sought to determine the clinical applicability of our protocol in expanding tumor-sensitized Tm cells and reprogramming NKT and/or NK cells using PBMCs from breast cancer patients, as well as evaluating their resistance to MDSC suppression in vitro. We determined that expanding and reprogramming human PBMCs was feasible and yielded CD62L? Tm cells as well as activated NKT cells, which were found to be the effector cells responsible for rescuing HER-2/neu-reactive T cells from MDSC suppression, possibly via an NKG2D-dependent pathway.
Materials and methods

Patient characteristics
A total of 16 patients were enrolled into the study (Table 1) . This study was conducted under Institutional Review Board (IRB) protocol# MCC-13740 at Virginia Commonwealth University. All patients had the capacity to give informed consent to participate in this research.
Fourteen patients were at tumor stage IIb and below, while one patient had stage IV disease. Tumor size ranged from 0.5 to [3.5 cm. Thirteen tumors were invasive ductal carcinoma (IDC) and ten also had a component of DCIS. Five patients had low grade tumor histology, five had high grade, two had intermediate grade, and three were unknown. Eleven patients had ER? tumors with six having HER-2/neu positive tumors. Two patients had positive sentinel lymph node biopsies (SLN) but went on to have negative completion axillary node dissections. Two patients had positive axillary node dissections, but the majority had node-negative breast cancer (n = 12). Eleven patients underwent chemotherapy between visits and seven underwent hormone therapy. Two patients had surgery to remove their tumor between the first and second visit.
Study design
Breast cancer patients enrolled in this study (n = 16) provided two blood samples in two separate visits. During the first visit, monocyte-derived dendritic cells (DCs) were prepared as described below and cryopreserved for use in the second visit; PBMCs were either cryopreserved (65 % of total) or expanded and reprogrammed ex vivo (B/IFresh) for use in phenotype analysis by flow cytometry and then cryopreserved. Six days before the second visit, cryopreserved PBMCs collected during the patient's first visit which had not been reprogrammed were quickly thawed at 37°C and washed 29 in complete medium (RPMI 1640 supplemented with 10 % FBS, L-glutamine (2 mM), 100 U/ml penicillin, and 100 lg/ml Streptomycin) pre-warmed to 37°C, and were then counted. Sixty percent of these PBMCs were cultured in IL-2 (40 U/ml) for 6 days (IL-2) and 40 % were reserved for reprogramming (Freeze-B/I) or treatment with cytokines without B/I stimulation (IL-2/7/15). One day before the second visit, lymphocytes previously frozen after reprogramming (B/I-Freeze) and DCs were thawed. DCs were then maintained in GM-CSF (100 ng/ml) and IL-4 (50 ng/ml) overnight, while the B/IFreeze PBMCs were cultured in IL-2 (40 U/ml) overnight. On the day of the second visit, MDSCs were sorted from peripheral blood. PBMCs from each condition were then cultured with recombinant HER-2/neu (intracellular domain (ICD)) pulsed DCs in the presence or absence of MDSCs. The maturation of MDSCs into DCs was determined via flow cytometry after an identical co-culture with reprogrammed PBMCs in which DCs were not present. Phenotype analysis was also performed on B/I-Freeze, Freeze-B/I, and IL-2/7/15 PBMCs to compare the reprogramming efficacy of these conditions as well as to identify any phenotypic fluctuations as a result of the cryopreservation process.
Ex vivo reprogramming and expansion of lymphocytes Peripheral blood mononuclear cells (PBMCs) were isolated from breast cancer patients using Ficoll-Hypaque (GE Healthcare, Uppsala, Sweden), as described by our group [32] . After density gradient separation, PBMCs were cultured at 37°C for 2 h; adherent cells were used for the generation of monocyte-derived DCs as previously described [32, 33] and were then placed in freezing medium (90 % FBS, 10 % DMSO) at 10 6 cells/ml and cryopreserved in liquid nitrogen. Non-adherent cells were immediately reprogrammed (35 % of total) as described below, or were cryopreserved (65 % of total) for use in the patient's second visit. For reprogramming, lymphocytes (10 6 cells/ml) were cultured in complete medium and were stimulated with Bryostatin 1 (2 nM) (Sigma, Saint Louis, MO), Ionomycin (1 lM) (Calbiochem, San Diego, CA), and 80 U/ml of IL-2 (Peprotech) for 16-18 h. Lymphocytes were then washed thrice and cultured at 10 6 cells/ml in complete medium with IL-7 and IL-15 (20 ng/ml, Peprotech, Rocky Hill, NJ). After 24 h, 20 U/ml of IL-2 was added to the complete medium. The following day, the cells were washed and cultured at 10 6 cells/ml in complete medium with 40 U/ml of IL-2. After 48 h, cells were washed and cultured at 10 6 cells/ml in complete medium with 40 U/ml of IL-2. Twenty-four hours later, lymphocytes were washed and cultured at 10 6 cells/ml in complete medium with 40 U/ml of IL-2. Lymphocytes were harvested 24 h later on the sixth day and were then either used in vitro studies or were placed in freezing medium (10 6 cells/ml) and cryopreserved.
RNA extraction and RT reaction RNA was extracted from CD3? PBMC using TRIzol reagent according to manufacturer's protocol (Invitrogen, Carlsbad, CA). The cDNA was prepared as previously described [34] .
High-throughput T cell receptor sequencing Upon confirmation of the purity of the cDNA by running PCR product of GAPDH amplification, 1 to 119 lg (average, 55 lg) per sample of cDNA was sent to Adaptive Biotechnologies (Seattle, WA) for high-throughput sequencing of the TcR variable beta (Vb) CDR3 region using the ImmunoSEQ assay, as previously described by our group [34] .
Flow cytometry
Antibodies used for flow cytometry were purchased from Biolegend (San Diego, CA), (FITC-CD161 (HP-3G10); FITC-CD62L (DREG-56); PE-NKG2D (1D11); PE-CD44 (IM7); PE-HLA-DR (L243); PE/CY5-CD33 (WM53); Allophycocyanin-CD11b (ICRF44); PE/CY5-CD4 (OKT4); PE/CY5-and Allophycocyanin-CD3 (HIT3a); FITC-and PE-CD25 (BC96); FITC-and PE/CY5-CD56 (HCD56); PEand Allophycocyanin-CD8a (HIT8a)). Antibodies were used at the manufacture's recommended concentration. Cellular staining was performed as previously described by our group [30, 33] . Multicolor data acquisition was performed using a Becton-Dickinson FACSCanto II and analyzed using FlowJo software v10.0.5. (Tree Star, Inc., Ashland, OR).
MDSC sorting
To sort MDSCs from peripheral blood, erythrocytes were lysed from whole blood treated with Ammonium-Chloride-Potassium lysing buffer according to the manufacturer's procedure (Quality Biological, Inc., Gaithersburg, MD). Total leukocytes were then stained as described by our group [30, 33] . The cells were then washed with sterile PBS supplemented with 2 % FBS and were then sorted into a CD33 ? CD11b ? HLA-DR lo/-population, representative of MDSCs, into 100 % FBS using a Becton-Dickinson FACSAria III. Sorting efficiency was always greater than 94 %.
Recombinant HER-2/neu ICD protein
Recombinant human HER-2/neu ICD was prepared as described by our group [32] .
IFN-c ELISA
HER-2/neu-specific responses and susceptibility to MDSC suppression were determined for Reprogrammed and IL-2 PBMCs. These cells were cultured in complete medium at a 2:1 ratio with autologous DCs pulsed with recombinant HER-2/neu ICD protein (40 lg/ml). Reprogrammed PBMCs were also cultured in complete medium at a 2:1 ratio with autologous DCs pulsed with recombinant HER-2/neu ICD protein in the presence or absence of sorted MDSCs (2:1) and in the presence or absence of anti-NKG2D blocking antibody (1D11, 10 lg/ml) for 20 h. Supernatants were then collected and stored at -80°C until use. IFN-c was detected using a Human IFN-c ELISA kit (BD Pharmingen, San Jose, California) according to the manufacturer's protocol.
Statistical analysis
Repeated measures analysis of variance was used to compare day 6 from baseline and between conditions for expansion of PBMC, T memory (Tm) cells, activated CD25? NK and NKT cells. Tukey's HSD was used to adjust for multiple pairwise comparisons. Data transformation has been made to satisfy the normality assumption as follows: natural logarithm of number of PBMC and fold expansion, and arcsine of square root of Tm %, activated CD25? NK %, and NKT %. The Pearson correlation coefficient (PCC) was calculated between numbers of activated NK cells or NKT cells or NKT cells expressing NKG2D and response in rescuing reprogrammed PBMCs from MDSCs and a t test was used for testing its significance. Paired two-tailed t tests were performed unless otherwise denoted. p values B0.05 were considered significant.
Results
PBMCs expand and are reprogrammed following B/I activation and combined IL-7, IL15, and IL-2 treatment, ex vivo In order to determine the clinical applicability of our preclinical studies of tumor-sensitized lymphocyte expansion and reprogramming, PBMCs of breast cancer patients underwent a 16-18 h treatment with B/I followed by a 5-day culture in the c-c cytokines IL-2, IL-7, and IL-15. Regardless of individual variations, the overall expansion of reprogrammed cells was found to be significant when compared to the total number of PBMCs before reprogramming (baseline) (Fig. 1a) . Cellular expansion was successful in 13 out of the 16 patients.
Next, we examined the efficacy of our reprogramming procedure to enrich for specific cellular phenotypes and activate NKT and NK cells relative to baseline PBMCs. Similar to our observations in animal models, we detected the differentiation of T cells into a CD44
? CD62L ? Tm phenotype after treatment with B/I and c-c cytokines when compared with baseline PBMCs (Fig. 1b) . Additional phenotypic analysis revealed the enrichment of both CD8? T cells and CD4? T cells (Fig. 1c) after cellular reprogramming. Furthermore, expanded PBMCs yielded enriched populations of activated NK cells (Fig. 1d, left In order to address logistical issues associated with ACT, the retention of tumor-reactive immune cells following cryopreservation was determined in three conditions: (i) PBMCs that were frozen and then reprogrammed after thawing (Freeze-B/I), (ii) PBMCs that were reprogrammed immediately after isolation (B/I-Fresh), and (iii) control PBMCs that were cultured in IL-2 alone (IL-2). Due to logistical limitations, analysis of these conditions was not feasible for every patient. Compared to PBMCs cultured in IL-2 alone, B/I-Fresh PBMCs underwent significant expansion, as did Freeze-B/I PBMCs (Supplemental Figure 1A ). Since total cellular expansion was not affected by cryopreservation, we then sought to determine if reprogrammed PBMCs may be sensitive to cryopreservation within specific cellular subsets. We compared three different conditions: (i) Freeze-B/I, (ii) B/I-Fresh, and (iii) PBMCs that were reprogrammed and then subjected to freeze/thaw (B/I-Freeze). We observed a significantly increased frequency of activated CD56? NK and NKT cells and activated CD161? NK and NKT cells when compared with baseline, regardless of previous storage conditions (Supplemental Figure 1B-E) . Additionally, we observed significant increases in the frequency of CD3? T cells in all of the conditions monitored (Supplemental Figure 1F) . However, impairment in the enrichment of Tm cells was observed only in B/I-Freeze PBMCs, when compared with baseline PBMCs (Supplemental Figure 1G ). This suggests that fully differentiated Tm cells are cryosensitive. These data also suggest that the most effective reprogramming conditions for ACT, which would yield a predominant Tm phenotype, would be to expand and reprogram either fresh or stored PBMCs immediately prior to ACT. (data not shown) . Importantly, we demonstrate in Fig. 2 that culturing PBMC in c-c cytokines without B/I stimulation (IL-2/7/15) exhibited a significantly reduced yield of activated CD56? NKT (Fig. 2a) and CD161? NKT (Fig. 2b) Spectratyping analysis of the TcR Vb prior to and after reprogramming did not show a meaningful trend in T cell clonality (data not shown). Therefore, we performed highthroughput sequencing of TcR Vb in one patient prior to adjuvant therapy in order to delineate the contribution of B/I or c-c cytokines to the expansion of specific T cell clones. Analysis of the VJ recombination was performed in which comparisons were drawn from untreated PBMCs , to determine the frequency of specific Vb gene recombination events. This analysis revealed that certain clones demonstrating monoclonality at baseline experienced clone-specific expansion in reprogrammed PBMCs as demonstrated by Vb9 J2-2, which experienced a *tenfold increase over baseline and a fivefold increase over IL2-7-15 PBMCs (Supplemental Figure 3A) . Similar results were obtained for Vb7-6 J2-2, Vb10-2 J2-2, Vb11-2 J2-2, Vb13 J1-6, Vb15 J2-2, and Vb27 J2-2 (data not shown), in which the dominant clone at baseline persisted after reprogramming with a fivefold or higher increase in frequency. Furthermore, we show that the inclusion of B/I in the regimen selectively expands specific low frequency VJ recombination events present at baseline. As shown in Supplemental Figure 3B , B/I activation promotes the emergence of monoclonality; Vb5-7 J2-3 clones emerge from a very low frequency in reprogrammed PBMCs compared with baseline, while the frequency of other clones expressing Vb5-7 in baseline and IL-2/7/15 PBMCs either decline or remain static. This phenomenon was also observed in Vb6-7 J1-2, Vb6-7 J1-4, and Vb6-8 J1-4 with each emergent peak having at least a sixfold increase in frequency (data not shown). Interestingly, despite the retention of monoclonality, the Vb11-3 J2-2 clone did not expand either in reprogrammed or in IL-2/7/15 PBMCs (Supplemental Figure 3C ). Similar observations were made in Vb7-1 J2-2, Vb 7-3 J2-2, Vb7-7 J2-2, Vb10-3 J2-2, Vb11-1 J2-2, Vb14 J2-1, and Vb23 J1-3 (data not shown). Such data suggest that B/I combined with c-c cytokines results in the selective expansion of specific clones within the T cell repertoire.
Reprogrammed PBMCs exhibit enhanced anti-HER-2/ neu reactivity
Based on our previous report in an animal model of breast carcinoma, we anticipated that reprogrammed PBMCs would exhibit a more potent anti-HER-2/neu response than PBMCs cultured in IL-2 alone. We used recombinant ICD of HER-2/neu to quantify IFN-c release by reprogrammed cells in the presence of autologous DCs. PBMCs alone and DCs alone were used as negative controls for the production of IFN-c. PBMCs from a total of six patients had HER-2/neu-reactive immune responses when cells were reprogrammed, regardless of variation in HER-2/neu expression amongst individual tumors (Fig. 3a) . There was not a significant difference between reprogrammed cells and IL-2 PBMC in the background levels of IFN-c production. Two of these patients also displayed a HER-2/neureactive immune response when PBMCs were cultured in IL-2 alone (IL-2 PBMC); however, the differences were not significant over basal IFN-c production (Fig. 3b) . These data, together with data presented in Supplemental Figure 3 , suggest that reprogrammed PBMCs are composed of an enriched frequency of specific tumor antigensensitized T cell clones, resulting in enhanced anti-HER-2/ neu reactivity. This is further supported by our observation that antigen-specific responses were undetectable when IL-2 PBMCs, i.e., non-reprogrammed PBMCs, from the same six patients were cultured with HER-2/neu-pulsed DCs.
Rescue of reprogrammed PBMCs from MDSC immunosuppression is associated with an increased frequency of activated NKT cells
We previously reported that murine splenocytes treated with B/I and c-c cytokines rescued T cells from MDSC immunosuppression; this phenomenon was dependent on the presence of activated NK and/or NKT cells [30] . Therefore, we tested the ability of breast cancer patients' PBMCs to overcome MDSC immunosuppression after ex vivo reprogramming. To determine this, reprogrammed PBMCs were stimulated with HER-2/neu-pulsed DCs, with or without addition of autologous MDSCs. PBMCs, DCs, and MDSCs alone were used as negative controls for the production of IFN-c. Surprisingly, reprogrammed PBMCs Although t test analysis showed that this suppression was not statistically significant (Fig. 4a , n = 4), we observed appreciable decreases in HER-2/neu-reactive IFN-c release in the presence of MDSC for these four patients. Conversely, we found some patients' reprogrammed PBMCs with a weak IFN-c response (n = 6) were not only resistant to MDSC-mediated suppression, but also actually exhibited increased secretion of IFN-c in the presence of MDSCs (Fig. 4b) , hereafter referred to as a ''rescued'' response. We hypothesized that such variations in response to MDSCs may be related to the frequency of activated NK or NKT cells in reprogrammed PBMCs. To test this, we calculated the PCC to determine if the presence of activated NK and/ or NKT cells was associated with rescuing anti-HER-2/ neu-specific immune responses from MDSC-mediated suppression. Indeed, we found that the rescue of reprogrammed PBMCs from suppression had a high positive correlation with the presence of activated CD161? NKT cells (PCC = 0.82, p = 0.048, n = 6) and it is likely that it also had positive correlation with activated CD56? NKT cells (PCC = 0.72, p = 0.077, n = 7). Since only activated CD161? NKT cells showed a statistically significant positive correlation (p = 0.048), we asked whether an optimal frequency of CD161? NKT cells was required to rescue the immune response from MDSC suppression. We examined the frequency of these cells among the ''suppressed'' and ''rescued'' reprogrammed PBMCs. We found that a frequency of 3 % activated CD161? NKT cells amongst all lymphocytes was sufficient to rescue HER-2/ neu-specific IFN-c production in the presence of MDSCs (Fig. 4c) ; a frequency of 1.5 % of these cells, twofold less, was observed in samples which exhibited suppression of IFN-c secretion in the presence of MDSCs (Fig. 4c) . We observed no significant differences when comparing activated CD56? NK, CD56? NKT or activated CD161? NK cells between the rescued and suppressed responses (data not shown). Therefore, our data suggest that reprogrammed PBMCs with a sufficient frequency of activated CD161? NKT cells (3 %) are resistant to MDSC-mediated suppression of anti-HER-2/neu immune responses. In order to determine the potential mechanism(s) through which activated NKT cells overcome MDSC suppression, we examined the status of the NKG2D activating receptor among PBMCs after cellular reprogramming. We observed upregulation of NKG2D expression on CD161? NKT cells (Fig. 5a ) and CD56? NKT cells among reprogrammed PBMCs (Fig. 5b) when compared to PBMCs cultured in IL-2 alone. We did not observe significant NKG2D upregulation in CD56? or CD161? NK cells or CD8? T cells (data not shown). We then sought to determine if the upregulation of this activating receptor following cellular reprogramming may be involved in rescuing HER-2/neu-specific immune responses from MDSC suppression. As a preliminary assessment, we blocked the NKG2D receptor by adding anti-human NKG2D blocking antibody to the culture containing reprogrammed PBMCs and MDSCs. As shown in Fig. 6c , blockade of the NKG2D receptor abrogated the ability of ? NKT cells amongst all lymphocytes in suppressed (n = 2) and rescued (n = 6) samples. Data represent Mean ± SEM. p value calculated using unpaired onetailed t test reprogrammed PBMCs to secrete IFN-c in the presence of HER-2/neu-pulsed DCs and MDSCs in 2/2 patients examined.
MDSCs mature into functional dendritic cells upon culture with reprogrammed and activated NKT cells
Our observations that anti-HER-2/neu-specific immune responses were boosted in the presence of reprogrammed PBMCs and MDSCs led us to question if MDSCs were undergoing maturation into functional DCs, as has been demonstrated in animal models [35, 36] . To determine this, we performed a 20-h co-culture of sorted MDSCs with reprogrammed PBMCs; MDSCs were then harvested and subjected to multi-color flow cytometry to analyze potential phenotypic modulations. As shown in Fig. 6a (Fig. 6c) , which is indicative of maturation of MDSCs into DCs [37, 38] . We did not observe a significant upregulation of HLA-DR in the CD11b high population after the co-culture (data not shown). It is likely that there may exist a positive correlation of both activated CD161? NKT cells (PCC = 0.703) and CD56? NKT cells (PCC = 0.977) within reprogrammed PBMCs in inducing CD11b downregulation and HLA-DR upregulation compared with lymphocytes cultured only in IL-2.
Discussion
The main objective of this study was to determine the clinical applicability of a cellular reprogramming protocol that we developed in the FVBN202 transgenic mouse model of spontaneous mammary carcinoma for ACT of breast cancer [30] . We have shown that the proposed protocol is effective for the reprogramming of human PBMCs. The differentiated and expanded T cells were composed of a predominantly CD62L
? Tm phenotype. B/I activation was required for the reprogramming of activated NKT cells and NK cells as well as CD8? T cells, whereas the combination of three c-c cytokines alone contributed to the phenotypic differentiation of Tm cells. Furthermore, high-throughput sequencing of TcR Vb showed that B/I activation was critical for the clonal expansion of specific TcR Vb clones. Reprogrammed PBMCs were also found to be resistant to MDSC suppression, provided that the frequency of activated CD161? NKT cells approached 3 % or more of total lymphocytes. Additionally, activated NKT cells showed a positive correlation in the rescue of HER-2/ neu-reactive T cells from MDSC suppression. Our preliminary observations suggest that NKT cells may protect T cells from MDSC suppression via an NKG2D-dependent signaling pathway, resulting in CD11b high HLA-DR -MDSCs maturing into CD11b low HLA-DR ? DCs. Because the primary objective of this study was to determine the clinical applicability of our reprogramming protocol, we were not able to expand our studies on the NKG2D pathway. However, our preliminary observation suggests NKG2D plays an important role in the crosstalk between NKT cells, MDSCs, and T cells. This pathway requires further investigation. Furthermore, one of the main logistical issues with ACT is the retention of tumor-reactive immune cells after the freeze/thaw cycle. We determined that freeze/thaw conditions negatively affected the frequency of the Tm subset of previously reprogrammed PBMCs. Importantly, however, activated NKT cells, which we found to be the cellular mediators responsible for rescuing T cells from MDSC suppression, were unaffected by cryopreservation. These findings suggest that the storage of PBMC with subsequent reprogramming for infusion is likely to be efficacious, thus providing a feasible strategy for clinical adaptation. Although, HER-2/neu-specific IFNc production by the reprogrammed PBMCs was measured at picogram concentrations, we expect a higher frequency of tumor-reactive immune cells when lymphocytes from tumor-draining lymph nodes or tumor-infiltrating lymphocytes are used for reprogramming as a source of ACT in future studies [8, 30, 39, 40] .
Other groups have reported that T central memory (Tcm) phenotypes are more effective than T effector (Te) phenotypes in generating long-lasting protection against tumor cells [41, 42] . We have also made similar observations in animal models in which protection from tumor rechallenge was associated with the enrichment of Tm cells within reprogrammed lymphocytes [30] . Here, we also observed an enrichment of Tm following ex vivo reprogramming of PBMC derived from breast cancer patients, suggesting the potential to establish a long-lived immune response against tumor antigens upon reinfusion during ACT, which may protect breast cancer patients from future distant relapse and metastasis.
Tumor-induced immune suppression mediated by MDSCs poses a challenge to immunotherapy of breast cancer [43] . As such, devising strategies to overcome MDSCs may be critical for improved efficacy of ACT [5, 44] . Similar to previous studies in animal models which suggest that NKT cells have a role in the conversion of MDSCs into DCs [30, 35, 36] ; we now report a similar phenomenon in breast cancer patients. The physiological role of NKT cells in tumor immunity is yet to be fully defined, but it appears a primary function of these cells is to activate DCs to promote antigen-specific T cell responses [45] [46] [47] . Furthermore, the ability of NKT cells to direct myeloid lineage cellular differentiation is becoming apparent. Hegde et al. [48] have demonstrated the ability of NKT cells to induce the differentiation of monocytes into DCs as a result of secretion of GM-CSF and IL-13 and, similarly, others have reported on the ability of innate immune cells to induce the maturation of monocytes into DCs [49] [50] [51] . In animal models, NKT cells exhibit a regulatory function towards MDSCs through a CD1d-dependent mechanism [35] . In patients with breast carcinoma, however, NKG2D-dependent signaling may be involved in the crosstalk between activated NKT cells and MDSC, resulting in the maturation of MDSCs into DCs, thereby rescuing immune responses from MDSC suppression. We observed downregulation of CD11b and upregulation of HLA-DR upon culture of MDSCs with reprogrammed PBMC containing activated NKT cells, a phenotypic modulation which has been previously associated with the maturation of precursor cells into DCs [35, 37, 38] . Interestingly, it has been shown that NKG2D may function as a costimulatory molecule in the context of weak CD1d-restricted TcR signaling [52] .
Recently, it was reported that reduced levels of the NKG2D receptor on immune cells can predict poor outcome in breast cancer patients [53] . NKG2D-ligands, known for their NK/NKT cell activating function, were found to be widely expressed across all breast cancer subtypes [53, 54] , though expression of these ligands on human MDSCs is yet to be demonstrated. Recent studies using adoptively transferred T cells engineered to express a chimeric NKG2D receptor were found to alter myeloid cells of the local tumor microenvironment to promote antitumor immune cell activity in murine models [55, 56] . Zhou et al. [57] have described the ability of macrophages to stimulate NK cells via NKG2D signaling while being protected from direct NK cell cytolysis by means of inhibitory ligand-receptor signaling. As macrophages and MDSCs share a common lineage, this study suggests that MDSCs may also have the capacity to interact with activated NKT cells via NKG2D without inducing direct NKT cell cytolysis of MDSCs. Collectively with our work described here, these studies suggest a more comprehensive investigation about the potential role of NKG2D-dependent signaling in shifting the immunosuppressive tumor microenvironment into immunostimulatory.
The results of our study offer strategies to improve ACT of breast cancer. These include: (i) inclusion of activated NKT cells in adoptive T cell therapy in order to induce MDSC maturation into DCs to overcome immune suppression and rescue anti-tumor T cell responses, and (ii) the activation of PBMCs using B/I followed by c-c cytokines to enrich the frequency of Tm cells and to selectively expand T cells with specificity for endogenously expressed tumor antigens. Our preclinical studies showed that reprogrammed Tm cells persisted in animals after complete rejection of the tumor such that animals were able to reject recall tumor challenge few months after the rejection of primary tumor [30] . These results also suggest conducting pilot studies in order to determine: (i) if lymphocytes harvested from lymph nodes of breast cancer patients may be better than PBMC for the expansion and reprogramming of tumor-sensitized immune cells. Our preclinical studies show that secondary lymphoid tissues including lymph nodes and spleen are enriched with tumor-sensitized T cells compared with peripheral T cells, thus they serve as potent sources for reprogramming of the immune cells for ACT [30, 58] 
